The extracellular electron transfer (EET) mechanism of an isolated Gram-positive Bacillus megaterium strain (LLD-1), identified by 16S rRNA gene sequencing and physiological analysis, was investigated in the present study. The electrochemical activity of strain LLD-1 was confirmed by electrochemical E-t and amperometric I-t tests. Flavins in culture suspension from strain LLD-1 were further proved to be able to act as electron shuttles, strengthening the electron transfer from LLD-1 to the electrode. The output voltage and current output were increased 2.8 times and 3.7 times, respectively, by adding 100 nM exogenetic flavins into microbial fuel cells inoculated with LLD-1. Electricity generation by LLD-1 from different carbon sources can be enhanced by adding 100 nM exogenetic flavins. This study indicated that flavins were essential to the EET process of the Gram-positive strain LLD-1. Furthermore, a putative EET model for B. megaterium strain LLD-1 and even for Gram-positive bacteria was proposed.
Introduction
Electrochemically active microorganisms (EAMs) are species that can transport electrons from cells to extracellular electron acceptors such as minerals, contaminants and electrodes, and the electron transfer processes are defined as extracellular electron transfer (EET) [1] .
Therefore, investigations into EAMs and their EET mechanisms are of vital importance to understanding various biogeochemical processes and to developing technologies for contaminant degradation coupled with energy production (such as bioelectrochemical systems) [2] .
In recent years, more than 100 EAMs have been isolated or identified, covering a wide range of genetic groups, and Gram-negative Proteobacteria is the most abundant phylum [3, 4] . However, there is still limited knowledge on the EET mechanisms, as the proposed EET pathways are mainly based on studies targeting gram-negative Shewanella spp. and Geobacter spp. So far, two EET mechanisms have been proposed for EAMs, a direct electron transfer pathway via outer membrane c-type cytochrome proteins [5] [6] [7] or extended conductive pili/nanowires [8, 9] and an indirect electron transfer mode via electron shuttles such as flavins [10, 11] .
The electron-shuttling compounds, either self-produced by EAMs [11, 12] or exogenetic, can assist in microbial energy metabolism by facilitating EET processes. These water soluble electron shuttles can also enhance the bioremediation of contaminated environments by facilitating microbial contaminant transformations that are physically/spatially unavailable to microbes [13] . The cell walls of Gram-negative bacteria, i.e., the outer membranes, are much thinner (typically 10 nm) than those of Gram-positive bacteria (typically 30 to 80 nm). It has been noted that the structure and thickness of the cell
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In our previous work, riboflavin was found in gram-positive Bacillus sp. WS-XY1 and yeast Pichia stipites [29] . In the present study, we report a new EAM, B. megaterium strain LLD-1, which was isolated from the anode of a microbial fuel cell (MFC) and identified by 16S rRNA gene sequencing technique coupled with physiological/biochemical identification methods. All soluble flavins related to EET mechanisms were measured based on cyclic voltammetry (CV), differential pulse voltammetry (DPV), chronoamperometric tests and high-performance liquid chromatography (HPLC). Moreover, an electron-transfer model for B. megaterium strain LLD-1 and gram-positive bacteria were comprehensively discussed and proposed.
Experimental Section

Bacterial isolation and culture
A MFC was constructed as shown in Scheme S1. The anode chamber was inoculated with activated sludge from JiMei wastewater treatment plant in Xiamen City and fed with sodium acetate (analytical reagent) of 8.93 mM (i.e., 1 g·L -1 ) and 0.10 M phosphate buffer solution (PBS, KH 2 PO 4 of 0.05 M, K 2 HPO 4 of 0.05 M, pH 7.0, analytical reagent). After the MFC can stably output current of approximately 0.5 mA with 1000 Ω external resistance, biofilm was washed down from one piece of the anode (1×1 cm) and dispersed in 50 mL sterilized water. Then, bacteria were isolated following the method described in our previous study [30] .
All experimental supplies were sterilized at 121 ºC for 20 min before inoculation. Here, B. megaterium strain LLD-1 (indexed as LLD-1) was cultured in fresh sterilized peptone-glucose medium (20 g·L -1 peptone, 20 g·L -1 glucose, pH 7.0, Biological reagents) and grown aerobically with a slight shake of 150 rpm at 32 ºC. The physiological and biochemical tests were performed when the optical density of the cell suspension at 600 nm (OD 600nm ) reached 1.0. The cells subsequently were incubated in 0.1 M PBS for 1 h and rinsed with distilled water to remove and dissolve salts, followed by dehydration with 50%, 75%, 90%, 95%, and 100%
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(v/v) ethanol solution each for 5 min. The cells were finally dried in a drying oven at 60 ºC for 12 h. The surface morphology of the bacteria was observed by S-4800 SEM (Hitachi, Tokyo, Japan, operated at 5 kV). 
Electrochemical characterization
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electrode poised at +400 mV (vs. Ag/AgCl in sat. KCl) with CHI1000B (China) in a constant temperature incubator. All the solutions were deoxygenated by purging with nitrogen gas for 20 min before the test and maintained under nitrogen atmosphere during the electrochemical measurements [32] . All the electrochemical tests were in triplicate.
Quantitative analysis of flavins by HPLC
Commercially available FAD (Sigma), FMN (Sigma) and RF (Sigma), serving as reference standards in the HPLC analysis, were dissolved in water. The excitation/emission fluorescence spectra of these flavins were collected to optimize the detection condition of HPLC shown in Figure S1 . 
MFC construction and operation conditions
The configuration of the MFCs is shown in Scheme S1. The cylindrical anode chamber 8 cm in diameter was filled with 100 mL of PBS basal medium with a mineral and vitamin 
MFC performance measurement and analysis
The performance of MFCs is commonly characterized by polarization curves, which are obtained by varying the external resistance in a fuel cell test system (Maccor, USA). Power density (P) was determined as follows [34] :
where U and I are the cell voltage and the corresponding current, respectively. A is the projected surface area of graphite felt.
Results and Discussion
Sequencing and phylogenetic analysis
A bacterial strain designated LLD-1 was isolated from the anodic biofilm of an MFC fed with acetate sodium. For 16S rRNA gene analysis, strain LLD-1 was cultured on a Luria-Bertani plate, and five clones were randomly selected for DNA extraction and Sanger sequencing. The sequencing provided a unique 16S rRNA gene sequence, and phylogenetic analysis suggested that the isolated LLD-1 is a member of the genus Bacillus (Figure 1 ).
The 16S rRNA gene sequence of LLD-1 shares similarity of 99% to the gene sequence of Bacillus megaterium strain HNS88 (GenBank accession no KF933685.1). From the physiological and biochemical characterization results, we found that strain LLD-1 is a Gram-positive bacterium that can generate spores in its later growth stage.
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Catalase is produced, and starch can be hydrolysed. It can grow between 4 ºC and 40 ºC, with an optimal temperature of approximately 37 ºC. Strain LLD-1 can reduce nitrate to nitrite. Gelatin and aesculin can be hydrolysed. NaCl is tolerated up to 7% (w/v). In the API 50CHB gallery, the results of acid production from carbohydrates are shown in Table S1 .
The expression of phenotypic traits was in accord with Bacillus megaterium.
Morphological Characterization
From SEM morphological images of LLD-1 (Figure 2) , the strain can be easily recognized as its colonies are found to be big (diameter of approximately 5 mm), lucid, smooth and irregular. The bacteria prefer to gather together and form a long chain as reference reported [36] , where the cells were straight rod-shaped 2-5 μm long and 1 μm wide. 
Electrochemical Characterization
Four redox peaks are found with potential at E p of +100 / -120 mV (group I) and E p of According to previous reports, Shewanella oneidensis releases low concentrations of flavins, i.e., flavin mononucleotide (FMN) and riboflavin (RF), into culture medium to act as shuttles for EET processes [10, 37] . FMN and RF show redox potentials similar to the group II redox peaks for LLD-1. The CVs and DPVs of culture supernatant were therefore collected ( Figure 3b) , and a pair of reversible redox peaks at similar potentials was clearly shown in the CV/DPV curves. We thus inferred that the peaks of group II could be ascribed to dissolved flavins ( Figure S2 ) [6] , and the peaks of group I may be assigned to c-type cytochromes in the bacterial cell membrane proteins. Then, RF standard solutions at final concentrations of 50 and 100 nM were separately added into the culture supernatant to determine the peak assignment from CV and DPV measurements (Figure 3b ). It can be found that the intensity of redox peaks increased with the increasing amount of RF. Therefore, it can be proposed that flavins were present in the LLD-1 culture supernatant. Figure 4b , wherein 84 nM RF and 6.5 nM FAD were detected in initial sterile peptone-glucose medium, respectively. It can be found that RF increased sharply within 12 h, i.e., the log growth phase, and then was maintained at a stable concentration of approximately
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Since FAD is mainly involved in intercellular metabolism, an increase of FAD can be used as an indicator for cell lysis. In the present study, FAD began to increase at 24 h. When the culturing time was at 36 h, i.e., the initial time point of growth phase decline, cell lysis became notable and RF decreased quickly accompanied by a significant increase of FAD and FMN. This result therefore indicated that RF detected in the log growth phase came from initiative secretion by bacteria rather than cell lysis. In comparison, RF and FMN were reported to increase throughout the whole cultivation period of Shewanella strains, but FAD was only detected after cell lysis [36] . Furthermore, FAD and FMN from Shewanella strains are chemically unstable and transform to RF very fast [10] . In this study, we thought this transformation did not occur as RF continuously decreased from 36 to 96 h and FMN and FAD continuously increased during the same period. We further investigated the effect of RF on cell growth ( Figure S3 ). The addition of low concentration exogenetic RF slightly promoted cell growth in the adaptation period but inhibited cell growth in the logarithmic phase and decline phase.
Effect of flavins on power generation and EET efficiency
To determine whether the LLD-1 strain can respond to electron donors and how the extra-flavins affect current output or power generation, E-t and amperometric I-t experiments in MFCs were conducted to confirm our points. Corresponding SEM images of strain LLD-1 on anodic graphite felt are shown in Figure 5c .
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Comparing to biofilm formed without exogenetic flavins (Figure 5c 1 ) , more cells attached onto the electrode surface in the presence of the exogenetic flavin mix (Figure 5c 2 ) . The result indicated that flavins not only promote EET processes but also enhance the thickness of biofilm.
The effects of flavins on EET processes were also studied by amperometric I-t in two-chamber MFCs (Figure 5b ) 
The power output of MFCs using different carbon sources also indicated that flavins are able to mediate the EET processes of LLD-1. As shown in Figure 6 , Normally, Bacillus spp. usually produce acetoin, lactate and acetate as the metabolic products as a consequence of mismatched glycolytic and tricarboxylic acid cycle capacities when glucose is used as carbon source [38, 39] . No related works have reported whether acetate can be used as the sole carbon source by Bacillus spp. It was interesting to find that current was generated in acetate-fed MFCs with B. megaterium strain LLD-1. The result indicated that acetate as a metabolic product of the glucose cycle can be respired by LLD-1 and enter into its special metabolism cycle to produce current.
Based on previous reports on the EET mechanisms of electrochemically active
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Gram-positive bacteria [14-23，28，29] megaterium spp. is depicted in the red-dotted frame.
Conclusions
The EET mechanism of a newly isolated gram-positive strain, Bacillus megaterium 
